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Abstract 
We report a clear manifestation of the negative contribution to the magnetoresistance due to 
domain walls in Co2MnGe-Heusler submicron zigzag wires in which the domain structure, domain 
size and domain wall density can be well controlled. The magnetic behavior of these systems results 
from the interplay between the intrinsic magneto-crystalline (K4) anisotropy, growth induced uniaxial 
(KU = 4.7x103 J/m3) anisotropy and shape anisotropy (KS), as observed by magnetic-force microscopy 
(MFM) and longitudinal Kerr hysteresis loop measurements. Magnetoresistance measurements were 
performed by the four-point method under a field applied in the plane of the wires at a temperature of 
300 K. In these structures, domain wall-creation and annihilation occur in a coherent way.  As a result, 
clear jumps of the resistance are detected during the transition from single-domain- to multi-domain 
states. At room temperature a value RDW = -2.5 mΩ was obtained; this result is the same order of 
magnitude as other experimental and theoretical findings. The negative resistive contribution due to 
the domain wall is also discussed and compared with the existing theoretical models. 
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1 Introduction 
Spin-dependent electron transport phenomena in nano/submicron-sized ferromagnetic elements are 
the basis of current research for the development of new technological concepts for data storage and 
logical devices [1]. Besides their technological relevance, nanostructured magnetic materials offer a 
fascinating scenario to study the effect of the competition between exchange energy, 
magnetocrystalline anisotropy and shape anisotropy [2-5]. Control of the magnetic structure, i.e. 
definition of domain walls (DWs) in single elements, like e.g. in zigzag shaped wires, allows for 
controlled field/current driven DW motion [6 - 10]. Current-driven DW processing in nanosized 
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Permalloy (Py = Ni80Fe20)-wires nowadays are the basis for the Racetrack Memory concept 
development at IBM's Almaden Research Center [11]. 
Ferromagnetic, Co-based Heusler half metals such as Co2MnGe have been proved to be important 
materials for spintronic devices [12, 13]. Besides the high Curie temperature (TC ~ 905 K), their 
relevance lies mainly on the theoretically predicted 100% spin polarization of the conduction electrons 
at the Fermi level [14-16]. However, disorder-, temperature-, surfaces- and interface defects are some 
reasons which lead to the reduction of the theoretically predicted 100% spin polarization [16]. 
Co2MnGe have a cubic crystal structure and in the bulk exhibit a weak cubic magnetic anisotropy 
[17]. When grown as thin films it often develops a uniaxial magnetic anisotropy (KU) superimposed on 
an anisotropy with cubic symmetry (K4) [18-23]. Nevertheless, by an adequate choice of thickness, 
substrate and deposition temperature, thin films with a dominant uniaxial anisotropy can be obtained 
(KU / K4 ~ 20) [24]. 
Magnetoresistance (MR) measurements in Co2MnGe have been performed on continuous thin 
films or microscopic elements [25] without considering the magnetic microstructure of the systems. 
However, for potential applications in spintronic devices based on DW propagation phenomena, 
controlled magnetic structure and magnetization reversal processes in submicron elements have to be 
employed.  Single-, zigzag- and specially manufactured wires have been used in order to control the 
magnetic configuration by the shape anisotropy [7 - 9]. In such systems distinct domain structures can 
be realized by changing the orientation of the externally applied magnetic field.  Another possibility 
for tailoring the magnetic structures is given by the interplay between the shape and the 
magnetocrystalline anisotropy; however, conventional uniaxial systems like single-crystalline Co 
nanostripes with the magnetic easy axis perpendicular to the stripe axis [26-28] and Fe nanostripes 
grown epitaxially on GaAs [29-31] have relatively large anisotropy constants KU ~ 5x105 J/m3 [26] 
and KU ~ 5x10
4 J/m3 [29], respectively. These systems are not ideal for technologies based on DW 
propagation, since the critical current density for current-driven domain wall motion scales with the 
anisotropy energy [32], thus domain wall motion by spin transfer torque would require very high 
current densities.   
On the other hand, there exist substantial theoretical and experimental efforts to determine the 
intrinsic electrical resistance of domain walls [33 - 40]. Theoretical calculations predicted both, a 
negative contribution by taking into account dephasing effects of domain walls [35], or a positive 
contribution considering an approach similar to describing the giant magnetoresistance effect [36]. 
Experimentally both cases have been reported [37 - 40]. 
Guided by the considerations above, the present work has the purpose to investigate the domain 
structures of Co2MnGe submicron single- and zigzag- shaped wires, combining both, the interplay of 
the shape and magnetocrystalline anisotropies and the Zeeman energy given by the direction of the 
magnetic field. Multiple DW nucleation- and annihilation-processes inherent to the magnetization 
reversal mechanisms are used for determination of the contribution to the electrical resistance of DWs. 
 
2 Sample Preparation and Experimental 
Flat rectangular wires were fabricated from 60 nm thick textured Co2MnGe thin films. The films 
were prepared by rf-sputtering from a Heusler alloy target with stoichiometric composition on a-plane 
Al2O3 -substrates. Prior to the Co2MnGe film growth and in order to induce a high-quality (110) 
textured growth of the Heusler phase, a 2 nm thick vanadium seed layer was deposited. Films were 
finally protected against oxidation with a 5 nm thick Al2O3 capping layer. Magnetic investigations 
were carried out by using Magneto Optical Kerr Effect (MOKE) and Superconducting Quantum 
Interference Device (SQUID) techniques. Longitudinal MOKE hysteresis loops were taken as a 
function of the in-plane azimuthal angle ϕ of the applied magnetic field with respect to the in-plane c-
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direction of the a-plane Al2O3 substrate. The latter confirm a moderate in-plane uniaxial anisotropy. 
The films were structured using electron-beam lithography (EBL), lift-off techniques and ion beam 
etching.  Wires and zigzag structures were patterned of width w = 1.5 µm and length L = 20 µm. The 
magnetic microstructure was investigated at room temperature by magnetic force microscopy (MFM) 
at a lift scan height of 100 nm by using a multi-mode microscope (NT-MDT) and commercial Co-Cr 
MFM tips. The MR measurements were carried out in a physical property measurements system 
(PPMS, Quantum Design) by using the ac-conductivity option.  
3 Results and Discussion 
3.1 Magnetic Anisotropy 
Prior to the zig-zag patterning, the Co2MnGe thin films were firstly magnetically characterized. 
Figure 1 shows the hysteresis loop measured by MOKE at room temperature for the field direction 
parallel to the c-axis (ϕ = 0◦) and perpendicular to the c-axis (ϕ = 90◦) of the Al2O3 substrate. For ϕ = 
0◦, the hysteresis loop exhibits easy-axis behavior with a square-shaped loop and a sharp reversal at 
the coercive field μ0Hc = 4.2 mT. In the perpendicular direction (ϕ = 90◦) a typical hard-axis behavior 
with a linear, reversible M(H) curve is obtained. A polar plot of the coercive field HC(ϕ) measured as 
a function of the azimuthal angle ϕ confirms the uniaxial anisotropy with the easy axis at ϕ = 0,which 
is aligned with the c-axis of the Al2O3 substrate (see insets). The magneto-crystalline anisotropy 
constant KU given by ½(HUMS) was determined to be 4.7x103 J/m3, considering an anisotropy field   
HU = 15 mT and a saturation magnetization MS = 6.3x105 A/m obtained by SQUID measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Magnetic hysteresis loops of a Co2MnGe film for the direction parallel (green circles) and 
perpendicular (orange circles) to the crystallographic c-axis of the Al2O3 a-plane substrate. Insets: Scheme of 
the MOKE measurement axis relative to the c-axis of Al2O3. Coercive field Hc(ϕ) as a function of the 
azimuthal angle ϕ, which denotes the angle of the magnetic field direction with the c-axis of the substrate. 
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3.2 Domain Structure and Magnetoresistance in Co2MnGe-Zigzag 
Structures 
In case of Co2MnGe-wires oriented perpendicular to the KU axis, competing magnetostatic, 
magnetocrystalline and exchange interactions result in a regularly symmetric stripe domain 
configuration with a well-defined domain size [24]. Figure 2 shows an MFM image of the zero-field 
state of a wire with a width w = 1.5 µm, length L = 20 µm and thickness t = 60 nm, where a domain 
size of δ = 840 ± 40 nm was measured. A zoomed area of the MFM contrast together with the 
simulated domain structure (OOMMF) is also shown. The arrows indicate the magnetization 
directions and δ denotes the domain size along the long axis of the wire. The samples were saturated 
perpendicularly to the wire axis before the MFM zero field measurements. The multi-domain structure 
and domain size were not affected by the multiple saturation processes carried out in that direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For the magnetoresistance measurements we fabricated zigzag wires with their longitudinal 
direction (described by the k-vector in Figure 3) oriented perpendicular to the easy magnetic axis KU. 
At this orientation, the uniaxial anisotropy causes a regular stripe domain pattern with closure domains 
in both wire segments enabling measurements of the resistivity as a function of the DW density.  
Figure 3(b) shows the MFM image of the multi-domain stripe state present in both zigzag segments at 
zero field.  By applying a high enough magnetic field parallel to KU, the single-domain state is reached 
as shown in Figure 3(a).  The single-domain state is manifested in the MFM image as dark and bright 
contrasts localized at the corners, which alternate along the entire wire. Here, the magnetic moments 
are aligned along the zigzag segments; the magnetization component parallel to k lies in the opposite 
Figure 2. (left) MFM image of the multi-domain stripe state for wires aligned perpendicular to the uniaxial 
easy axis KU.  (Right) zoomed area of the MFM contrast together with the domain structures simulated using 
the OOMMF code. 
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direction for two adjacent wire segments and inside the corners the magnetization points outside, as 
schematically shown in the inset.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Magnetoresistance (MR) measurements enable a quantitative analysis of the difference in the 
resistivity between the wire in the single-domain state and the multi-domain state. In our 
measurement, the resistance is measured using the four-wire technique applying a current of 0.1 mA.  
Figure 4 shows the relation (Rsingle - Rmulti)/Rsingle* 100 as a function of the magnetic field performed at 
300 K with the magnetic field applied along the horizontal segments of the zigzag structure. Here, 
Rsingle and Rmulti denote the resistivity at high field and at zero field, respectively. In remanence a low 
resistance is observed. By increasing the field, the resistance increases continuously until it saturates. 
During the resistance increment a two-step like behavior around 16.5 and 18.5 mT is also observed 
(see inset). In order to understand this behavior, it is essential to distinguish between the field 
dependent micromagnetic structure present in both segments, those lying parallel and those lying 
perpendicularly to the field.  At zero field, as evidenced by the MFM image (labeled as (A)), the entire 
structure shows the multi-domain stripe state; this state is composed of (i) transverse antiparallel 
domains, (ii) small flux-closure domains and (iii) domain walls. By considering these three 
components, the relative orientation between magnetization and current can be described as follows: 
While the magnetization inside the flux closure domains are parallel to the current and the 
magnetization of the transverse antiparallel domains are perpendicular to it, the magnetization inside 
the DWs continuously rotates through an orientation from perpendicular into parallel to the current. 
In a first approximation, the MR behavior presented in Figure 4 can be explained in the framework 
of the anisotropic MR (AMR) as follows: At zero field, the multi-domain stripe state correspond to a 
lower resistance; by applying a magnetic field in the horizontal direction up to H = 16.0 mT, 
transverse magnetic moments inside the horizontal segments starts to rotate following the field. Thus, 
more magnetic moments become oriented parallelly to the current direction and as a result, the 
resistivity gradually increases according to ρ(θ) =ρperp + δρcos2θ. Here δρ describes the resistivity 
difference between parallel and perpendicular resistivities and θ the angle between current and 
magnetization. As the field is increased above 16.4 mT, the MR increases steeply (see inset), which 
according to the MFM image taken at 18.0 mT (label (B)), showing the middle area of the horizontal 
segment free from domains, correspond to the annihilation of domain walls. The reason for the 
observed resistivity jump is the annihilation of DWs. Once the annihilation process is finished, the 
magnetization is almost completely oriented parallel to the current, and no further change in the 
resistivity is observed up to H = 30.0 mT (label (C)). According to this scenario, the disappearance of 
domain walls must consequently be responsible for the resistivity rise. The magnitude of the 
Figure 3. MFM images of the zigzag wires showing (a) the single-domain state for a field applied 
perpendicularly to the k-vector and (b) the multi-domain stripe state at zero field. Inset: scheme of the 
magnetization configuration of the single-domain state. 
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magnetoresistance increase for the switch from multi-domain to single-domain state is found to be 
around 0.05 percent. This quantity contains both contributions, those connected to the AMR as well as 
those corresponding to intrinsic effects of the DWs. Thus, in order to estimate the DW contribution, 
now we focus on the annihilation regime given at 16.4 mT < H < 18.4 mT.  In this range the two steps 
correspond to a change of resistance of ΔR(steps) = 0.008%; this difference is established when all 
existing DWs are annihilated. The exact number of walls present before the annihilation process is not 
exactly resolved; however, based on previous MFM measurements in individual wires of equivalent 
dimensions, a quantity of twenty five 180°-DWs inside a segment can be considered.  In our 
measurement, the resistance is measured between the voltage leads with a distance of L = 140 µm. The 
current flows totally through seven segments, three horizontal and four vertical, for these seven zigzag 
segments a total of 175 DWs must be considered in the annihilation processes. Nevertheless, a close 
look on the vertical segment in the MFM image (inset B) allows to confirm that at H = 18.0 mT DWs 
have not been annihilated there and the multi-domain stripe state is still present (compare with the zero 
field state in inset A). Therefore, the DW contribution to the jump of the resistance arising from the 
vertical segments does not need to be considered and only the 75 DWs present along the three 
horizontal segments will be used in our calculations. If considering now the zigzag dimensions w = 1.5 
µm, t = 60 nm and a DW width of 80 nm as confirmed by OOMMF simulations, one gets that ΔR(steps) 
= 0.008% corresponds to ΔR(steps)= 0.2 Ω.  Thus, the contribution of a single DW to the jump of 0.2 Ω 
can be estimated to be ΔR(DW) = 2.7 mΩ. It is worth mentioning that the small volume of the DWs 
belonging to the flux closure domains was neglected in this estimation. In the value of 2.7 mΩ 
estimated above, two different contributions must to be taken into account: the intrinsic domain wall 
resistance ΔRDWR due to spin mixing effects and the AMR ΔRAMR-DW due to the rotation of the 
magnetization inside the domain wall. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4. Magnetic ield dependence of the MR difference between single-domain and multi-domain 
configurations. MFM images at zero field (label A), at H = 18.0 mT (label B) and at H = 30.0 mT (label C). 
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Thus, to quantitatively determine the intrinsic domain wall resistance, one has to calculate the 
contributions from the anisotropic magnetoresistance inside the domain walls ΔRAMR-DW, since 
transverse as well as longitudinal magnetization components are present. If we assume that the 
magnetization is completely longitudinal over the length of the domain wall, this value can be 
estimated as ΔRAMR-DW = 0.05%*(lDW / L)*R = 0.7 mΩ.  Here, the length of the wire is L = 140 µm, the 
total resistance of the wire is R = 2330 Ω and 0.05% correspond to the total AMR obtained by 
switching from multi- to the single-domain state. With this assumption the intrinsic domain wall 
resistance can be obtained as ΔRDW = ΔR(DW) -  ΔRAMR-DW = 2.0 mΩ.  Another aspect to be considered 
is that the Co2MnGe zigzag element is grown onto a buffer layer which acts as a parallel shunt. Thus, 
we need to use a correction factor ƒ(buffer) = 1.25 for the value ΔRDW calculated above. The ƒ(buffer) 
value was calculated on the basis of a shunt circuit between the magnetic material and the 2 nm thick 
V buffer layer, considering the resistivity of the V buffer layer ρV = 20 μΩ*cm. Finally, the effective 
intrinsic DW resistance of the Co2MnGe zigzag structure is determined to be ΔRDW-eff  = (2.5 ±0.2) 
mΩ. From this value we also calculated the resistivity of the domain wall ρDW = 0,3 μΩ*cm, which is 
in good agreement with other experimental reports [1, 2]. The fact that the nucleation of a wall leads to 
the decrease of resistivity of the Co2MnGe wires is in accordance with the theoretical calculations 
proposed by Tatara and Fukuyama in [35]. 
4 Conclusions 
We have investigated the magnetization configurations of micro-structured Co2MnGe zigzag wires 
of moderate in-plane uniaxial anisotropy KU = 4.7x103 J/m3. For wires oriented perpendicular to the 
uniaxial easy axis, a stable multi-domain stripe state was observed at zero field. Multiple DW 
nucleation- and annihilation-processes inherent to the switching from multi-domain state to single-
domain state were used to determinate the intrinsic contribution to the electrical resistance of DWs 
ΔRDW-eff  = (2.5 ±0.2) mΩ. 
Aknolowdgments 
The authors would like to thank Sabine Erdt-Böhm and Peter Stauche for technical help and the 
SFB 491 as well as the state of NRW for financial support of the e-beam lithography and MFM 
facilities. One of us (K.G.) gratefully acknowledges financial support through DAAD and 
L’Oreal/UNESCO fellowships.     
References 
[1] Wolf, S. A., Awschalom, D. D., Buhrman, R. A., Daughton, J. M., von Molnar, S., Roukes, M. L., 
Chtchelkanova, A. Y., and Treger, D. M.; Science 294 (1488) (2001). 
[2] Cowborn, R. P., Koltsov, D. K., Odeyeye, A. O., Wellamd, M. E., and Tricker, D. M.; Phys. Rev. 
Lett. 83 (1042) (1999). 
[3] Ruediger, U., Su, J., Zhang, S., Kent, A. D., and Parkin, S. S.; Phys. Rev. Lett. 80 (5639) (1998). 
[4] Last, T., Hacia, S., Wahle, M., Fischer, S. F., and Kunze, U. J.; Appl. Phys. 96 (6706) (2004). 
[5] Klaeui, M. J.; Phys: Condens. Matter 20 (313001) (2008). 
[6] Taniyama, T., Nakatani, I., Namikawa, T., and Yamazaki, Y.;Phys. Rev. Lett. 82 (2780) (1999). 
[7] Taniyama, T., Nakatani, I., Yakabe, T., and Yamazaki, Y. ;Appl. Phys. Lett. 76 (613) (2000). 
Domain Structure and Magnetoresistance ... K. Gross et al.
1078
  
[8] Buntinx, D., Veldeman, S., Volodin, A., and Haesendonck, C. V. J.; Magn. Magn. Mater. 242-245 
(1257) (2002). 
[9] Klaeui, M., Jubert, P.-O., Allenspach, R., Bischof, A., Bland, J. A. C., Faini, G., Ruediger, U., 
Vaz, C. A. F., Vila, L., , and Vouille, C.; Phys. Rev. Lett. 95 (026601) (2005). 
[10] Klaeui, M., Laufenberg, M., L. Heyne, D. B., Ruediger, U., Vaz, C. A. F., Bland, J. A. C., 
Heyderman, L. J., Cheri_, S., Locatelli, A., Mentes, T. O., and Aballe, L.; Appl. Phys. Lett. 88 
(232507) (2006). 
[11] Parkin, S. S.; Science 320 (190) (2008). 
[12] Zutic, I., Tabian, J., and Sarma, S. D.; Rev. Mod. Phys. 78 (323) (2004). 
[13] Zabel, H.; Superlattices and Microstructures 46 (451) (2009). 
[14] Ishida, S., Fujii, S., Kashiwagi, S. & Asano, S; J.; Phys. Soc. Jpn. 64, 2152–2157 (1995). 
[15] Picozzi, S., Continenza, A. & Freeman, A. J.; Phys. Rev. B 66, 094421 (2002) 
[16] Galanakis and Dederichs, P. H. Half-metallic Alloys, Fundamental and applications. (Eds). 
Springer-Verlag, (2005). 
[17] Michelutti, B., de la Bathie, R. P., and du Tremolet de Lacheisserie; E. Sol. St. Comm. 25 (163) 
(1978). 
[18] Yang, F. Y., Shang, C. H., Chien, C. L., Ambrose, T., Krebs, J. J., Prinz, G. A., Nikitenko, V. I., 
Gornakov, V. S., Shapiro, A. J., and Shull, R. D.; Phys. Rev. B 65 (174410) (2002). 
[19] Ambrose, T., Krebs, J. J., and Prinz, G. A.; Appl. Phys. Lett. 76 (3280) (2000). 
[20] Ambrose, T., Krebs, J. J., and Prinz, G. A.; J. Appl. Phys. 87 (5463) (2000). 
[21] Belmeguenai, M., Zighem, F., Roussign, Y., Cherif, S.-M., Moch, P., Westerholt, K., 
Woltersdorf, G., and Bayreuther, G.; Phys. Rev. B 79(024419) (2009). 
[22] Belmeguenai, M., Zighem, F., Chauveau, T., Roussign, Y., Cherif, S.-M., Moch, P., Westerholt, 
K., and Monod, P.; Appl. Phys. 108 (063926) (2010). 
[23] Belmeguenai, M., Zighem, F., Woltersdorf, G., Roussign, Y., Cherif, S.-M., Westerholt, 
K., and Bayreuther, G.; J. Magn. Magn. Mat. 321 (750) (2009). 
[24] K. Gross, P. Szary, O. Petracic, F. Brüssing, K. Westerholt and H. Zabel; Phys. Rev. B 84, 
054456 (2011) 
[25] M. Obaida, K. Westerholt, and H. Zabel; Phys. Rev. B 84, 184416 (2011) 
[26] Bruecker, W., Thomas, J., Hertel, R., Schaefer, R., and Schneider, C. M.; J. Magn. Mag. Mat. 283 
(82) (1994). 
[27] Prejbeanu, I. L., Buda, L. D., Ebels, U., Viret, M., Fermon, C., and Ounadjela, K.; IEEE Trans. 
Magn. 37 (2108) (2001). 
[28] Cheri_, S., Hertel, R., Locatelli, A., Watanabe, Y., Potdevin, G., Ballestrazzi, A., Balboni, M., 
and Heun, S.; Appl. Phys. Lett. 91 (092502) (2007) 
[29] Rüdiger, U., Yu, J., Kent, S. A. D., and Parkin, S. P.; Appl. Phys. Lett. 73 (1298) (1998). 
[30] Hassel, C., Stienen, S., Roemer, F. M., Meckenstock, R., Dumpich, G., and Lindner, J.; Appl. 
Phys. Lett. 95 (032504) (2009). 
[31] Pulwey, R., Zoum, M., Bayreuther, G., and Weiss, D. J.; Appl. Phys. 91 (7995) (2002). 
[32] Tatara, G. and Kohno, H.; Phys. Rev. Lett. 92 (086601) (2004). 
[33] U. Ruediger, J. Yu, S. Zhang, A. D. Kent, and S. S. P. Parkin; Phys. Rev. Lett. 80, 5639 (1998)  
[34] Kent, A. D., Yu, J., Ruediger, U., and Parkin, S. S. P. J.; Phys.: Condens. Mater. 13 (R461) 
(2001) 
[35] Tatara and H. Fukuyama; Phys. Rev. Lett. 78, 3773 (1997) 
[36] P. Levy and S. Zhang;  Phys. Rev. Lett. 79, 5110 (1997). 
[37] D. Buntinx, S. Brems, A. Volodin, K. Temst, and C. Van Haesendonck; Phys. Rev. Lett. 94, 
017204 (2005). 
[38]U. Rüdiger, J. Yu, A. D. Kent and S. S. P. Parkin;  Appl. Phys. Lett. 73, 1298 (1998) 
[39] Dieter Elefant and Rudolf Schaefer; Phys. Rev. B 82, 134438 (2010) 
[40] Dieter Elefant and Rudolf Schaefer; Phys. Rev. B 91, 064403 (2015) 
Domain Structure and Magnetoresistance ... K. Gross et al.
1079
